Occurrence and accommodation of charged amino acid residues in proteins that are structurally equivalent to buried non-polar residues in homologues have been investigated. Using a dataset of 1,852 homologous pairs of crystal structures of proteins available at 2Å or better resolution, 14,024 examples of apolar residues in the structurally conserved regions replaced by charged residues in homologues have been identified. Out of 2,530 cases of buried apolar residues, 1,677 of the equivalent charged residues in homologues are exposed and the rest of the charged residues are buried. These drastic substitutions are most often observed in homologous protein pairs with low sequence identity (<30%) and in large protein domains (>300 residues). Such buried charged residues in the large proteins are often located in the interface of sub-domains or in the interface of structural repeats, Beyond 7Å of residue depth of buried apolar residues, or less than 4% of solvent accessibility, almost all the substituting charged residues are buried. It is also observed that acidic sidechains have higher preference to get buried than the positively charged residues. There is a preference for buried charged residues to get accommodated in the interior by forming hydrogen bonds with another sidechain than the main chain. The sidechains interacting with a buried charged residue are most often located in the structurally conserved regions of the alignment. About 50% of the observations involving hydrogen bond between buried charged sidechain and another sidechain correspond to salt bridges. Among the buried charged residues interacting with the main chain, positively charged sidechains form hydrogen bonds commonly with main chain carbonyls while the negatively charged residues are accommodated by hydrogen bonding with the main chain amides. These carbonyls and amides are usually located in the loops that are structurally variable among homologous proteins. Proteins 2003;53:783-791.
INTRODUCTION
It is well known that three-dimensional structures of homologous proteins are conserved better than their amino acid sequences. The extent of conservation of the three dimensional (3-D) structures, as measured by parameters such as root mean square deviation, varies as a function of extent of sequence similarity. [1] [2] [3] [4] [5] [6] The overall structural difference is the cumulative effects of local structural variations due to sequence divergence in the homologous proteins. As changes in the solvent exposed residues, which are often in the loops, are more extensive than the changes in the core of the structure, the divergence in the structure of protein surfaces is usually higher than in the interior of the homologous proteins. 4 However, it was also observed that the sequence variations could take place even in the cores of homologous proteins, hence causing the divergence in the structures of the cores. 1, 4, 7 Naturally occurring substitution mutations of hydrophobic to polar residues, especially the charged residues, that are in the core of the homologous proteins are rare but they are nevertheless observed in the diverse family of proteins. 1, 7 Such changes may be expected more commonly in the distantly related proteins, with low sequence similarity between them, rather than in the closely related proteins. Drastic mutations in the core, generated using sitedirected mutagenesis, could cause substantial variations in the core structure resulting from movements in the backbone to accommodate such a substitution. 8, 9 But such a mutation affects the stability of the protein in some cases 10 -15 and, in turn, may influence its function. 16 Comparative studies of drastic mutations in the core of homologous proteins would have implications on protein engineering and design and also in the comparative modeling of protein structures. Currently, the most accurate structure prediction method is comparative modeling in which the three-dimensional structure of the target sequence is built on the basis of the homologous protein This article contains Supplementary Materials, which can be found at http://www.interscience.wiley.com/jpages/0887-3585/suppmat/ index.html Grant sponsor: The Wellcome Trust, UK. *Correspondence to: N. Srinivasan, Molecular Biophysics Unit, Indian Institute of Science, Bangalore 560 012, India. E-mail: ns@mbu.iisc.ernet.in structures. [17] [18] [19] [20] [21] [22] In a comparative modeling exercise, given the alignment of target sequence to the template structure(s), if there is a buried non-polar residue in the template aligned with a charged residue in the target sequence, it is not straightforward to decide if the charged residue should be exposed or buried. Even in the cases where the decision is made to bury the charged residue, the question of how to accommodate the charge in the interior remains to be answered. Hence the analysis of the tolerance to substitution of the buried non-polar to charged residues in the structurally conserved regions of the homologous proteins would give clues to decision making in these circumstances.
The present analysis uses a large number of pairs of homologous protein structures and investigates the instances of substitution of a buried apolar residue in a protein by a charged residue in the structurally equivalent position of a homologue. Our analysis suggests that such drastic substitutions do occur in the homologous proteins. We also present strategies adopted by the proteins for the accommodation of the charged group in the interior.
MATERIALS AND METHODS
The data set analyzed comprises of 1,852 pairs of structurally aligned homologous protein domains extracted from the PALI (release 1.3) database 23, 24 (http:// pauling.mbu.iisc.ernet.in/ϳpali) such that both the domains in a pair have 2Å or better crystallographic resolution. The version of PALI database used in the analysis has 614 protein families (families with two or more members) and more than 17,000 pair-wise alignments of homologous protein structures involving 3,050 protein domains aligned by rigid body superposition using the program STAMP. 25 Analysis of the data set involved the following steps:
1. The structurally conserved regions (SCR) in every aligned pair of protein domains have been identified. SCRs in a homologous protein domain pair are the equivalent regions of high structural similarity. In the present analysis, SCRs have been assigned for the homologous protein pairs as indicated by the STAMP, which designates structurally conserved regions by taking in to consideration the deviation of equivalent C ␣ s and also the conformational similarity of the neighboring residues. 2. Instances of substitution of non-polar residues (Leu, Ile, Ala, Val, Trp, Phe, Met) by polar residues (Lys, Arg, His, Glu, Asp, Gln, Asn, Ser, Thr, Cys) in the SCRs have been identified in the 1,852 pairs of homologous proteins in the data set. Tyrosine is not considered for the present analysis because of its dual nature to behave as a polar and a non-polar residue. 3. The subset of buried non-polar residues that are substituted by polar residues have been identified. A residue is defined as buried if its side-chain solvent accessibility 26 is less than or equal to 7%. 4. Hydrogen bonding partners of polar chemical groups in the buried charged residues have been identified and analyzed further. Identification of potential hydrogen bonding is based on the method used by Overington et al. 27 and encoded in the computer program HBOND. The criteria for identification of potential hydrogen bond involve distance between putative donors and acceptors that is set at 3.5Å as the upper limit. The salt bridges are recognized if there is a potential hydrogen bond between the oppositely charged chemical groups coming from the sidechains of acidic and basic residues.
Depths of buried non-polar residues that are substituted by charged residues and the substituting charged residues have been calculated using the DEPTH 28 program. The algorithm employed by this program involves placing the protein structure of interest in a pre-equilibrated box of water molecules obtained from a Monte-Carlo simulation. As in solvent accessible surface area calculations, 26 a water molecule is approximated to a sphere of diameter 2.8Å. A number of water molecules are removed from consideration based on the short contact among water molecules as well as between water molecules and protein atoms as detailed by Chakravarty and Varadarajan. 28 The final picture that emerges is the gathering of water molecules all around the protein surface. The surface of the protein that is in contact with water molecules is very similar to the water contact surface of the protein involved in solvent accessible surface area calculations. 26 The depth of an atom in a protein is defined as the distance of the atom from the centre of the nearest surface water molecule. A residue depth is calculated as the mean of depths of the atoms in the residue. The parameter depth is capable of distinguishing the buried residues that are close to the surface and those at the interior of a protein molecule.
RESULTS

Frequency of Occurrence of Drastic Residue Substitutions in the Homologous Proteins
In the 1,852 pairs of structurally aligned homologous protein domains in the data set, the total number of residue-residue alignment positions in the structurally conserved regions (SCRs) is 189,125. The number of non-polar to polar residue substitutions in SCRS is about 16% (29, 601 ) of the total number of alignment positions (189,125). This clearly indicates that non-polar to polar residue substitution is not uncommon in the SCRs of homologous proteins. Of these 29,601 non-polar to polar residue substitutions, the number of positions that have non-polar to charged residue substitution is 14,024 (about 47% of non-polar to polar residue substitutions). Out of these, the number of buried non-polar to charge residue substitutions is 2,530 (which is about 18% of non-polar to charged residue substitutions). Among 2,530 cases of such substitutions, there are 1,677 (66.3%) cases where the substituting charged residue is exposed and 853 cases the charged residue is buried. These 853 cases correspond to 379 independent examples of buried charged residues that are spread over 194 protein domains and these are listed in the Supplementary information with the electronic release of this paper.
Circumstances of Buried Apolar to Charged Residue Substitutions
To learn about the circumstances under which buried apolar to charged residue substitutions occur, investigations have been made to understand the dependency of such substitutions on the percentage sequence identity of the aligned proteins and also on the protein sequence length.
The total number of unique domains that have at least one buried charged residue substituting a buried nonpolar residue in a homologue is 194. Out of these, 75 are from different families in PALI. The normalized occurrence of the pairs of protein domains that have buried non-polar to charged residue substitutions in SCRs are plotted against sequence identity of the proteins in the pair (Fig. 1) . The normalization corresponds to the number of pairs involving buried non-polar to charged residue substitutions in a range of sequence identity divided by the number of pairs in that range in the entire data set. Figure  1 clearly shows pronounced peaks for the pairs that have less than 30% sequence identity. The distribution is skewed towards the low sequence identity regions (less than about 20%). The distribution up to 30% sequence identity corresponds to 907 pairs in the data set, which is nearly half the number of pairs in the data set (1,852 pairs). This clearly indicates that these substitutions are more common in the pairs with low sequence identity.
An earlier work 29 reported that buried charged residues occur more commonly in larger proteins than in smaller proteins. In the distribution (not shown) corresponding to the present dataset, we too find that the number of buried charged residues generally increases with an increase in protein size. However, the number of domains with lengths longer than 400 residues (12 domains) is very small and hence such examples are not considered in deriving the conclusions. It is interesting to note that these domains come from either ␣ class or ␣/␤ class of folds and the highest representation from proteins adopting ␣-␣ toroid folds in the ␣ class. These buried charged residues are often in regular secondary structures and, in most cases, these residues are involved in hydrogen bond interactions with a residue from another compact unit of the fold that tends to form a separate structural sub-domain/module. The secondary structures with which these buried charged residues interact are often solvent exposed in the face opposite to the face that interacts with the buried charged residue. If one imagines the loss of such interactions enabled by subtle gross movement of the sub-domain away from the rest of the fold, then this might result in the formation of a separate structural domain with the charged residue now in the inter-domain interface and possibly better exposed to the solvent. In the cases of a few examples from the ␣-␣ toroid fold, the charged residues come from one of the repeats of antiparallel ␣-helices and it interacts with the adjacent repeat. Figure 2 shows a representative example from a large protein cholesterol esterase from Bos Taurus corresponding to the protein data bank 30 entry of 2bce.
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Depths of the Buried Non-Polar Residues and Substitutions
From the above, it is clear that the buried non-polar to charged residue substitutions are not uncommon in the pairs of homologous proteins with low sequence identity. The nature of residues getting substituted under these circumstances and how deep the substituted non-polar residues and the substituting charged residues are from the surface of the structure are discussed here. Figure 3(a) is the plot of the depths of buried apolar residues in a set of proteins vs. the depths of buried and exposed charged residues present in the topologically equivalent positions in the homologues. Average depths of the exposed [ Fig.  3(a) open circles] and buried [ Fig. 3(a) filled circles] charged residues for every 1Å range of depth of substituted buried non-polar residue are represented. The plot shows a linear increase in the depth of buried charged residue as the depth of buried non-polar residue increases. Such a trend is not seen for the depth of exposed charges [see also scatter plot: Fig. 3(b) ]. From the plot, it is also evident that the depths of buried charged residues are slightly less than those of the substituted buried non-polar residues. Figure  3(b) is the scatter plot of depth of exposed charged residues against the depth of substituting buried apolar residues and Figure 3(c) is the scatter plot of depth of buried charged residues vs. the depth of substituting buried apolar residues. It appears from Figure 3 (c) that there is a linear increase of depth of charged residue with an increase in depth of substituting apolar residue.
The normalized number of occurrences of buried nonpolar residues substituted by exposed charged residues in the data set calculated for every 1Å range of depth of non-polar residues is given in Table Ia . The corresponding distribution of normalized occurrence of buried non-polar residues substituted by buried charged residues is shown in Table Ib . Figure 4 is a plot of the depths of buried non-polar residues in the above-mentioned cases and the normalized occurrence. From Figure 4 , it can be seen that the peak corresponding to the data in Table Ia is broad, in Table Ib is sharper and steeper and falls in the range of 5-6Å of depth. Due to a significant overlap in the ranges of depths in the two distributions shown in Figure 4 , it may be difficult to predict if a charged residue that replaces a buried apolar residue will be exposed or buried. It is evident from tables IA and IB and Figure 4 that beyond 7Å of depth of the buried apolar residue, the normalized frequency of occurrence of buried charged is slightly higher than that of the exposed charged residues. Hence, it is more likely that the substituting charged residues are also buried when the buried non-polar residues are deeper than 7Å. Beyond 7Å depth, the normalized occurrence of charged residues, excluding histidine, are higher for buried apolar to buried charged residue substitutions (Table  Ib: 45% for Lys, 28% for Arg, 41% for Glu, and 34% for Asp) as compared to the corresponding ones for buried apolar to exposed charged residue substitutions (Table Ia: 21% for  Lys, 24% for Arg, 27% for Glu, and 14% for Asp). This means that all the charged residues except His have a higher tendency to be buried in the structure when they replace an apolar residue buried beyond 7Å. It is deduced that the average depth of the buried apolar residues that are substituted by buried charged residues is 6.5Å and the average depth of substituting charged residues is 6.3Å. It is also interesting to note that the average depth of other buried apolar residues in the data set used is 6.1Å. Hence, it could be inferred that the buried apolar residues that are being substituted by buried charged residues are deeper on an average than other buried apolar residues in the protein.
We have compared the depths of charged groups, such as carboxylate and amino groups, in the charged sidechains to the depth of charged residue taken as a whole. In general, the depth of the charged group is only slightly smaller than that of the entire sidechain if the residue is buried. For example, the average depth of buried charged groups, shown in Figure 4 , is 6.0Å and the average depth of buried charged sidechains is 6.3Å. The average depths of charged groups and charged sidechains for the exposed charged residues are 3.4 and 4.2Å, respectively.
Preferred Substitution Patterns of Apolar to Charged Residues Dependent on Extent of Burial and Sizes
In the majority of the cases where the buried non-polar residues is substituted by charged residues, the charged residues usually get exposed (1,677 out of 2,530 instances) to the solvent. For the situations of buried charged residues (853 out of 2,530 instances), Figure 5 shows the plot of side-chain solvent accessibility of buried non-polar residues vs. the normalized number of charged residue substitutions. Figure 5 shows that the distribution falls as the side-chain solvent accessibility of the buried non-polar residue increases up to about 4% of the accessibility. Then the distribution raises slightly. This means that buried charged residues more often replace the non-polar residues that are buried to a greater extent (less than 4%) than Fig. 2 . Illustration of buried charged residue (Glu 388) in a sub-domain interacting with the adjacent sub-domain in the structure of Cholesterol Esterase from Bos Taurus. 31 The two subdomains are shown in different colors. The figure has been prepared using Setor. 32 those less buried (4 -7%). Thus, it appears that when the accessibility of the apolar residue, which is replaced by a charged residue, is 4% or lower the replacing charged residue is more likely to be buried than when the accessibility of the apolar residue is greater than 4%.
This could be extended to understand if there are preferences for the substitution by charged residues depending on the nature of non-polar residues that is being substituted. The frequency of substitutions (Table IIa) for each type of charged residue topologically equivalent to a buried non-polar residue in a homologue is more for negatively charged residues than the positively charged residues (with the exception of histidine). This is also reflected in the plots shown in Figure 6(a,b) . Figure 6(a) shows the distribution of normalized occurrence of buried and exposed positively charged residues (Lys and Arg) substituting buried apolar residues. Figure 6 (b) shows a Fig. 3 . a: Plot of the depth of buried apolar residues (in Å) and the average depth of substituting charged residues (in Å) for every 1Å interval for the cases when the charged is exposed and buried. b: Plot of the depth of buried apolar residues (in Å) and the depth of substituting exposed charged residues (in Å). (a and b indicate those intervals of depths with small numbers of observations) c: Plot of the depth of buried apolar residues (in Å) and the depth of substituting buried charged residues (in Å). Figure 6 (b) that the buried Trp to Asp and buried Phe to His substitutions are most frequent and hence indicates a preference for the burial of the charged residues. Substitution by buried positively charged residues, Lys and Arg, are in general least frequent. Substitution of any buried apolar residue by buried Lys is less frequent than substitution by buried Arg although both are positively charged. The opposite trend is seen in Table IIb , which corresponds to the frequencies of occurrence of exposed charged residues substituting for buried apolar residues. The substitutions of buried Ala to Glu, Leu to Asp and Val to His have equal preference, as indicated by almost equal peaks in Figure  6 (b) and also evident from Table IIa and IIb, for the burial and exposure of the charged residues.
In order to get an idea of the nature of replacement by buried charged residues as a function of the size of the substituted non-polar residues, we have categorized the Fig. 4 . Plot of average depth of buried apolar residues, averaged for every 1Å interval of depth, and the normalized occurrence for the cases when they are substituted by buried charged residues and by exposed charged residues. non-polar residues on the basis of their size as small, medium, and bulky. Ala belongs to the first category. Ile, Leu, and Val belong to the category of medium-sized residues, and Phe, Trp, and Met have been classified as the bulky group. Table III gives information about the substitution of these categories of apolar residues by buried charged residues. Medium sized buried non-polar residues are more often substituted (51%) than small-sized (31%) or bulky non-polar residues (18%) and in these instances they are more frequently substituted by charged basic residues (Arg, Lys, His), perhaps due to their large sizes (Table IIa) . Basic residues prefers to replace bulky apolar residues while the small apolar residues are replaced more often by acidic sidechains.
Mode of Stabilization of the Buried Charged Residues
In the situations where the buried non-polar residue is substituted by a buried charged residue in SCRs, the buried charged residue could hydrogen bond either to other polar side chains (SC) or to main chain (MC) polar atoms or to both (MSC) or neither. The cases with no hydrogen bond with the protein atoms are usually hydrogen bonded to water molecules in the crystal structures. The MC interactions are observed in 411 substitutions, which involve 271 positively charged residues and 140 negatively charged residues and SC (which includes MSC) cases, are observed in 646 instances of which 371 involve positively charged residues and 275 involve negatively charged residues. It is interesting to note that almost all of these interactions (more than 95%) are seen at the charged group (such as carboxylate and amino groups) depths greater than 8Å. About 80% of the number of interactions correspond to the buried charged residue depths greater than 8Å. In general, the minimum and maximum depths of charged chemical groups in the buried charged residues is 3.3 and 11.7 Å, respectively. The average and standard deviation of the depths of the charged groups are 6.0 and 1.5Å, respectively.
In the MC cases, both from the pure main chain interaction or bifurcated interaction involving main chain (MSC), following are the observations:
1. The carbonyl oxygen atom of the MC is involved in the hydrogen bond to the positively charged side-chain in the majority of the instances (63%, 260 out of 411 instances). In general, 271 of the 411 instances involve positively charged residues. All the remaining 11 instances correspond to buried histidine residue interacting with MC amide. 2. In the majority of cases (65%, 269 out of 411 instances), there is no regular secondary structure at these mainchain positions. Such substitutions being in loop probably allows some accommodative variations in the main chain conformation and such changes are not easily possible in the helical and ␤-strand regions. The rest of the residues (142 examples) occur in ␣-helical and ␤-sheet regions. 3. Many of the residues (55%, 226 out of 411 instances) whose mainchain forms hydrogen bond with the charged sidechains that substitute buried apolar residues are also in SCR. This means that in these examples, there is not much deviation in the backbone conformation despite the formation of a hydrogen bond with the charged residue in one of the homologues. The remaining 45% (185 out 411 instances) are in SVRs (structurally variable regions) with 47 of these instances corresponding to an insertion or deletion, in alignment with the homologue, suggesting entirely different conformations in these regions. 4. Interestingly, all the buried negatively charged residues, corresponding to 140 instances, are hydrogen bonded to the mainchain amide group.
In the cases of SC and MSC, which form the majority, corresponding to the buried charges interacting with the other sidechain polar groups, following are the observations.
1. 365 out of 646 instances (more than 50% cases) involve salt bridges covering about 70% of the interactions. The other interactions correspond to hydrogen bonds between buried charged sidechains and uncharged polar sidechains. Hence, many of the interactions involve salt-bridges. 2. Many of the residues whose sidechain form hydrogen bond with the buried charged sidechain are (547 out of 646 instances, 85%) also structurally conserved in the homologue in the pair. The rest are in structurally variable regions. Thus, in an overwhelming majority of the homologous pairs the interaction of a polar sidechain with the buried charged sidechain in one of the homologues did not result in a significantly altered conformation at the backbone of the polar residue. 3. The compensatory substitution, involving replacement of hydrophobic interaction between two buried nonpolar residues in one of the homologues by an interaction between buried charged sidechain and another polar sidechain in a homologue, is seen in 50% (375 out of 646) of the instances. In the rest of the examples of no compensatory substitution, no conservation of interaction could be found between the two homologues in a pair. The polar residue in the homologue, without a buried charged residue, that is equivalent to the polar 
DISCUSSION
The observed number of instances of replacement of a buried non-polar residue by a charged residue in a homologue is substantial. Such substitutions could be considered "drastic." In many cases, the substituting charged residues have a higher tendency to get exposed and solvated rather than buried. The 853 instances of buried apolar residues in a protein replaced by a buried charged residue could, in principle, be considered highly undesirable but nevertheless are observed in homologous protein structures. Protein engineers interested in maintaining protein stability in a site-directed mutant do not usually substitute a buried apolar residue by a charged residue.
As the occurrence of buried charged residues is, in general, not a frequent observation in protein structures it could be expected that the larger a protein is the higher the chances of observing buried charged residues. Thus, as expected, the normalized distribution of length (not shown) of the domains in the pairs that have buried charged residue substituting a buried non-polar residue in the other domain in a given pair generally increases with the increase in the domain length. This indicates that the substitutions in SCRs are in general related to the length of the domain that contains the buried charged residue and increases with the increase in the length of the domain that contains the buried charged residue. It has also been observed that the number of such substitutions is more common in pairs of proteins with less than 30% sequence identity. This observation is particularly relevant while modeling a protein structure on the basis of a homologue of known structure with low sequence similarity.
If the depth of the buried apolar residue, which is substituted by a charged residue, is greater than 7Å then the substituting charged residue is also usually buried with the exception of histidine. It appears that a depth of 7Å or higher seems too long for most charged residues to get exposed. Also, if the solvent accessibility of the buried apolar residue is less than 4%, the substituting charged residue in a homologue is also buried. These observations would influence the placing of the sidechains concerned in comparative modeling of protein structures. Table IIa ,b and the distributions in Figure 6 (a,b) indicate clearly that negatively charged residues tend to be buried in general more than positively charged residues while substituting the buried non-polar residues. This may be due to the larger size of the positively charged residues (Lys and Arg) compared to negatively charged residues (Asp and Glu) and hence more difficult to accommodate in place of a buried apolar residue. But in the situations where the buried apolar residues are substituted by exposed charged residues [Table IIb and Fig.  6(a) ,] the frequency of the substitution is higher for positively charged residues than their negatively charged counterparts, especially lysine. Hence, the most positively charged residues (Lys and Arg) usually get exposed when they substitute buried non-polar residues.
The observations on the accommodation of buried charged residues by hydrogen bond formation with the main chain raise the question whether or not there were changes in overall hydrogen bonding/electrostatic interactions between the homologues. In other words, if a buried charged side chain is interacting with a mainchain, is it disrupting an interaction present in the other homologous structure? Although 225 instances correspond to the structurally conserved regions (of the homologues) at the interaction site, only 165 of these instances preserve the secondary structural states of interacting main-chain in the homologues and, hence, only these 165 instances could be strictly considered as a similar backbone structure between two homologues. For every pair of proteins contributing to these 165 instances, we have examined the interaction in the equivalent main chain region of the homologue, which has no buried charged residue to interact with. In 60 out of 165 instances, the homologue without buried charged residue corresponds to mainchain-mainchain interactions without any bifurcation. These instances correspond to conservation of mainchain-mainchain interactions between the homologues and the addition of a bifurcated interaction between the main chain and buried charged sidechain in one of the homologues. Seventeen of the 165 instances correspond to bifurcated (both mainchain-mainchain and mainchainsidechain) interactions in the homologue without a buried charged residue. These cases correspond to conservation of the mainchain-mainchain interaction, but the bifurcated interaction with the sidechains involves different residues in the homologues. Twenty-three of the instances have only mainchain to sidechain interactions and these sidechains are not in topologically equivalent positions to the buried charged residue in the homologue. We did not detect hydrogen bond in the equivalent mainchain group of the homologue, without a buried charged residue, in 65 of the 165 instances. However, it is likely that most of these mainchain groups are hydrogen bonded to the water molecules. Our dataset did not permit a detailed analysis of this feature as the structures concerned are not available at ultra-high resolution.
On the contrary, if the buried charged residue is accommodated by the formation of a salt bridge or a hydrogen bond formation with a polar sidechain, the backbone conformation at these residues is conserved with the homologue without a buried charged residue. This retention of the backbone structure is seen even if a salt bridge interaction is replaced by interaction between two apolar sidechains. Retention of these tertiary interactions in most instances suggests that these interactions, either salt bridge or between two apolar groups, are potentially important in the formation or stability of the protein fold.
CONCLUSIONS
From the present analysis, it is evident that the buried apolar to charged residue substitutions in structurally conserved regions of homologous proteins are not uncommon in low sequence identity situations. Also from the analysis, it is found that substituting charged residues is usually solvent exposed. But in some situations, it is buried depending on the nature of substitution, its size, the depth of the substituted apolar residue, and also the presence of an appropriate hydrogen-bonding partner in the vicinity of the substituting position. These results could have implications in comparative modeling of distantly related proteins and also in the protein engineering to design mutants, as in both practices buried non-polar to charged residue substitution is usually considered undesirable. The results could be influential especially in the comparative modeling exercises in the decision making to expose or to bury the charged residue that replaces a non-polar residue.
